C raniosynostosis is a rare condition that involves premature fusion of one or multiple cranial sutures, resulting in progressive skull deformity as calvarial growth continues parallel rather than perpendicular to the fused sutures. 5 Early techniques for the surgical correction of craniosynostosis involved suturectomies, also known as strip craniectomies, through an open approach. 15 Due to the high rate of refusion, however, calvarial vault reconstruction was developed as an alternative strategy, through which large portions of the skull are removed and remodeled. 21 As expected, such procedures are associated with significant morbidity, including large amounts of blood loss and lengthy hospitalizations.
for young infants (generally less than 3 months old) with single-suture, nonsyndromic craniosynostosis. In these cases, endoscopic surgery provides effective treatment while limiting surgical time, blood loss, transfusion rates, and length of hospital stay (LOS). 11, 14 Recently, endoscopic suturectomy with postoperative helmet therapy has also been expanded to patients with multiple-suture, nonsyndromic craniosynostosis. Again, the safety and efficacy of the endoscopic approach were demonstrated. 13 Few reports, however, have described the use of endoscopic suturectomy and postoperative helmet therapy for patients with syndromic craniosynostosis. 8, 10, 19, 20 Syndromic craniosynostosis accounts for 8%-24% of all patients with craniosynostosis. Multiple syndromes exist, many of which result from 1 or more mutations in 1 of at least 57 currently recognized genes. These mutations may occur de novo or they may be inherited in an autosomal recessive, dominant, or X-linked fashion with variable penetrance and expressivity. 3, 7, 9, 16 Patients with syndromic craniosynostosis have additional anomalies often involving the digits and limbs, hearing, and midface, and may have cognitive impairment and/or a family history of craniosynostosis. Furthermore, patients with premature fusion of multiple cranial sutures are more likely to have a syndromic diagnosis, and they have a high incidence of intracranial hypertension. 9 As a result, they represent a complex subset of patients. Indeed, among the few syndromic patients who are reported as having undergone endoscopic suturectomy and postoperative helmet therapy, almost half have required subsequent calvarial remodeling due to either persistent or recurrent deformity. 8, 19, 20 In these cases, one may question the utility of the primary surgery with helmet therapy if subsequent open surgery is ultimately required. We present our experience with this patient population and seek to identify factors that may contribute to the sufficiency of endoscopic surgery alone.
Methods

Patient Population
Following approval by the institutional review board, the medical records of pediatric patients who underwent endoscopic suturectomy and postoperative helmet therapy between January 2008 and May 2016 were retrospectively reviewed. Only patients with molecular confirmation of a syndromic craniosynostosis diagnosis were included. Data were collected including demographic information, estimated blood loss (EBL), transfusion status, complications, LOS, and outcomes.
Preoperative Evaluation
All patients were evaluated by a multidisciplinary team consisting of a pediatric neurosurgeon, plastic surgeon, and medical geneticist. Patients who were evaluated by the medical genetics team and suspected to have syndromic craniosynostosis were offered genetic testing, with variable patient compliance. Five patients were evaluated between 0.9 and 14.1 weeks of age. One patient was diagnosed with craniosynostosis prenatally and was evaluated in the newborn nursery. Five patients underwent a preoperative head CT to define which sutures were fused and to assess any intracranial pathology; the remaining patient underwent only skull radiographs. All patients underwent anthropometric measurements performed using calipers at the bedside, and 1 or more indices were calculated, including the cephalic index (CI), towering index (TI), and transcranial diameter difference (TDD). 18 The CI was measured for the patient with sagittal suture involvement and was defined as the eurion-to-eurion diameter divided by the glabella-to-opisthocranion diameter, multiplied by 100.
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The TI was measured for the patients with bilateral coronal involvement and was defined as the coronal distance (measured from tragus to tragus) over the cranial vault divided by the occipitofrontal circumference, multiplied by 100. 18 The TDD was measured for the patient with unilateral coronal involvement and was defined as the difference (in millimeters) between the occipital-frontal transcranial diameters on each side of the head (i.e., the left occipitalto-right frontal diameter subtracted from the right occipital-to-left frontal diameter). 6, 17 Given the patients' young age at evaluation, all families in this series were counseled regarding both endoscopic surgery and open calvarial vault remodeling. All patients who presented at or prior to 3 months of age were offered the endoscopic surgery, and all underwent the procedure accordingly. Only 1 patient with syndromic craniosynostosis-who was not included in this series-underwent initial open surgery during the study period because of older age at evaluation.
Operative Procedure
A similar procedure for endoscopic-assisted craniosynostosis surgery has been described previously. 2 The patient was brought to the operating room and general endotracheal anesthesia was induced. Appropriate intravenous and intraarterial access were obtained and a urinary catheter was placed. The patient was placed supine with his or her head on a horseshoe headrest. The hair was then clipped and 2 incisions were marked, just behind and along the midpoint of the fused coronal suture on either side. Each incision was approximately 2 cm in length. A single incision was used for the patient with unilateral coronal synostosis. The skin was then prepared and draped in sterile fashion.
In each case, the skin was incised with a No. 15 blade scalpel. Electrocautery was used to dissect through the subcutaneous tissue to the bone, and the pericranium was elevated. A craniectomy was started at the site of an existing bony defect, or alternatively after creating a bur hole with a high-speed drill. In 1 case, an ultrasonic bone-cutting device was used to perform square-shaped craniectomies. A 4-mm, 30° rigid endoscope (Karl Storz) with an attached guard was then inserted to assist in visualization as the dissection was continued inferiorly along the fused coronal suture. A dissection was performed under the temporalis muscle, and rongeurs were used to continue the craniectomy in the direction of the sphenoid ridge. The craniectomy was then extended along the posterior aspect of the sphenoid ridge toward the temporal fossa until the skull base was reached. The craniectomy was approximately 1 cm in width. Bipolar electrocautery, bone wax, and hemostatic agents were used to obtain hemostasis. The endoscope was then aimed in the opposite direction, toward the lateral corner of the anterior fontanelle. Mayo scissors or the ultrasonic bone-cutting device were used to create a cut on either side of the fused suture. The bone was then removed in piecemeal fashion with the aid of a rongeur. The wound was then irrigated and Gelfoam strips soaked in thrombin were placed over the craniectomy site. The incision was closed in 2 layers, with 3-0 Vicryl (Ethicon Inc.) galeal stitches followed by 5-0 Caprosyn (Covidien) stitches for the skin. The contralateral suturectomy was performed in identical fashion.
The patient with both sagittal synostosis and bicoronal synostosis underwent a third incision in addition to the bicoronal incisions described above. The additional incision was planned along the posterior aspect of the anterior fontanelle. Again, a No. 15 blade scalpel and electrocautery were used to incise the skin and dissect through the subcutaneous tissue. Bony defects were identified on either side of the incision, and blunt dissection was used to separate the dura mater from the overlying bone. Rongeurs were used to perform the craniectomy until the defect communicated with the lateral craniectomies performed along the coronal sutures. A large midline keel invaginating into the dura was identified, and was removed using rongeurs. A 3-cm-wide craniectomy was then completed over the midline, and was continued anteriorly until the anterior fontanelle was reached. The incision was then closed as described above.
Postoperative Care
All patients were observed in the intermediate care unit for 1-2 nights. Blood for postoperative hemoglobin and reticulocyte counts was drawn on the first postoperative morning. Patients were evaluated at the helmet therapy center, underwent surface laser scans 1 week postoperatively, and were fitted with the helmet within 10 days of surgery. Following discussion with the neurosurgeon, the orthotists created the helmets to address the dominant deformity in patients with multisuture craniosynostosis. For those with bilateral coronal craniosynostosis, the helmet therapy chiefly addressed towering of the calvaria. However, in the only patient with additional sagittal craniosynostosis, the dominant feature was scaphocephaly; therefore, the bilateral parietal and vertex restrictions were the chief deformities that were addressed. Helmets were worn 23 of 24 hours per day. Patients underwent helmet therapy for 10.5-19.5 months postoperatively, with the exception of the patient with Jackson-Weiss syndrome, who underwent helmet therapy for only 2.43 months due to the development of hydrocephalus. In his case, there was concern for the hydrocephalus as an intrinsic expanding force, which was a relative contraindication for the restrictive forces of helmet therapy. The CI, TI, and/or TDD were measured at each clinic visit. The duration of helmet therapy was determined by the stability of the anthropometric indices over multiple visits.
The patients were followed in a multidisciplinary craniofacial clinic. Additional open calvarial remodeling was recommended if the preoperative deformity remained uncorrected, recurred, or progressed. The need and timing of further surgery was determined by both the plastic surgeon and the neurosurgeon. The criteria to proceed with additional open calvarial remodeling included the following: 1) progression of the original deformity based on craniometric indices, and 2) agreement on the need for additional surgery between both parties. The postoperative aesthetic outcomes of the 5 patients who did not undergo additional open calvarial remodeling were assessed by one of the authors (A.H.D.), who was not involved in their long-term clinical follow-up. Photographs obtained at the most recent clinic visit were reviewed, and a Whitaker category 23 was assigned: 1) Category I, no need for additional surgery; 2) Category II, soft-tissue and/or minor bone contouring is advisable; 3) Category III, more extensive revisions involving major alternative osteotomies or bone graft repositioning are advisable; and 4) Category IV, major surgical revisions are advisable.
Results
A total of 81 nonsyndromic and syndromic patients underwent endoscopic suturectomy and postoperative helmet therapy during the study period. Of these, 6 patients (7.4%) had a disease-causing mutation in a gene implicated in craniosynostosis (Table 1 ). The demographic, clinical, and surgical features of the patients are summarized in Table 2 . Three of the patients were male. The involved syndromes included Crouzon, Pfeiffer, Jackson-Weiss, Muenke, Saethre-Chotzen, and craniosynostosis-3 (n = 1 each). Five patients had involvement of the coronal sutures bilaterally (Fig. 1 ), whereas 1 patient had unilateral coronal synostosis. Of the 5 patients with bicoronal synostosis, 1 also had involvement of the sagittal suture (Fig. 2) , whereas in another the lambdoid sutures were involved bilaterally.
The median age at the time of surgery was 2.1 months (range 0.9-4.1 months), and the median weight at the time of surgery was 4.8 kg (range 3.4-5.2 kg). Preoperative hemoglobin and hematocrit levels were available for 4 of the 6 patients. Among these patients, the median preoperative hemoglobin was 11.0 g/dl (range 9.0-19.0 g/dl), and the median preoperative hematocrit was 32.1% (range 26.5%-54.6%). Postoperative levels were obtained for all patients, with a median postoperative hemoglobin of 8.2 g/dl (range 5.3-11.9 g/dl) and a median postoperative hematocrit of 21.9% (range 17.0%-34.9%).
The median EBL during surgery was 30 ml (range 20-100 ml). The patient with craniosynostosis-3 represented a probable outlier, with an EBL of 100 ml, and because she weighed only 3.4 kg at the time of surgery, she required an intraoperative transfusion of packed red blood cells (pRBCs) and fresh frozen plasma. During this patient's surgery, a right-sided coronal suturectomy was performed without complications, after which attention was turned to the left side. A small durotomy was encountered, with some bleeding from the dural edges. However, on cauterization and shrinkage of the dura, a cortical vein ruptured, resulting in the high EBL. The bleeding was controlled with Gelfoam soaked in thrombin, and the procedure was completed without further complications, but due to the amount of blood loss the patient underwent an intraoperative transfusion. In addition, the patient with Jackson-Weiss syndrome underwent a single postoperative transfusion of pRBCs. Although his surgery involved an EBL of only 30 ml, and his hemoglobin level dropped by only 3.7 g/dl, he had the lowest preoperative hemoglobin of the cohort, with a level of 9 g/dl. His immediate postoperative hemoglobin level was 5.3 g/dl, for which he received a transfusion of 70 ml pRBCs and responded appropriately, with a followup hemoglobin level of 9.7 g/dl. Other than blood loss resulting in a transfusion, the most common complication encountered was durotomy, which occurred in 3 of the 6 patients and was associated with the removal of bony spicules that had grown into the dura (Fig. 3) . None of the patients with durotomies required reoperation for a CSF leak.
The median LOS was 1.5 days (range 1-4 days). Postoperatively, patients were followed for a median duration of 29.0 months (range 16.8-81.7 months). Preoperative anthropometric measurements were obtained for 5 patients. Repeat measurements obtained at each interval visit demonstrated stable anthropometric indices over time. Among these patients, the one with Jackson-Weiss syndrome underwent a planned staged procedure, first undergoing endoscopic bilateral coronal strip craniectomies, followed by nonendoscopic bilateral lambdoid craniectomies 2 weeks later. He then underwent cervicomedullary decompression (CMD) and endoscopic third ventriculostomy (ETV) 3 months after the index endoscopic surgery. Although the patient initially did well, he died 17 months after the index procedure due to unrelated respiratory complications. Of the remaining 4 patients, 1 also underwent CMD, but none required additional craniofacial procedures during the follow-up period (Fig. 4) .
One patient required further correction via open surgery. The index endoscopic coronal strip craniectomies had successfully released the frontal bones bilaterally and limited the patient's calvarial towering, but he continued to have restriction of the orbital bandeau, and there- fore underwent open frontoorbital advancement (FOA) 9 months later (Fig. 5) . The patient was later noted to have developed supraorbital rim retrusion and had persistent towering 4.3 years after the index endoscopic surgery, and underwent a subtotal calvarial vault reconstruction at that time. Furthermore, the patients with Crouzon syndrome and Jackson-Weiss syndrome were classified as Whitaker Category IV, whereas the patients with Muenke syndrome, Pfeiffer syndrome, and craniosynostosis-3 were classified as Whitaker Category I at their most recent follow-up.
Discussion
Early endoscopic suturectomy followed by postoperative helmet therapy is becoming increasingly accepted as an option for the treatment of single-suture and, more recently, multiple-suture craniosynostosis. However, experience with this technique in the syndromic craniosynostosis population has been limited, and furthermore has been characterized by a high rate of subsequent calvarial remodeling. We present a series of 6 patients with a molecular confirmation of syndromic craniosynostosis who underwent endoscopic suturectomy and postoperative helmet therapy. We demonstrate that in approximately 50% of cases, endoscopic surgery can be sufficient to treat syndromic craniosynostosis by stabilizing the deformity, which most commonly involves calvarial towering, without subsequent open calvarial remodeling over a median follow-up period of more than 2 years. Furthermore, we observe that younger age at the time of the index procedure may be a factor in determining the success of endoscopic surgery. In the remaining cases, endoscopic surgery must be followed by more definitive open calvarial remodeling, but may be useful in delaying open surgery until the patient is older.
Other than an isolated case report, 10 prior descriptions of endoscopic surgery for syndromic craniosynostosis have been included within broader analyses of all patients (both syndromic and nonsyndromic) with multiple-suture craniosynostosis (Table 3 ). In the earliest series, RiveroGarvía et al. 19 described 7 patients 4 months of age or younger with multiple-suture craniosynostosis. Of these 7 patients, 2 were diagnosed with syndromic craniosynostosis-one patient had Muenke syndrome and the other had Crouzon syndrome. The patients were 52 days and 62 days old, respectively, at the time of surgery. Neither required a blood transfusion. At follow-up visits, both patients displayed a "satisfactory" result and neither required additional craniofacial procedures. Additionally, neither patient developed ventricular dilation or a Chiari I malformation, and the authors hypothesized that early treatment prevented the development of secondary malformations. However, the patient with Crouzon syndrome underwent only 9 months of follow-up, potentially limiting the ability to determine the effect of early endoscopic surgery on the need for additional surgical intervention.
Recently, in a large series that examined the complications associated with open or endoscopic surgery for craniosynostosis, Han et al. 8 described 295 nonsyndromic patients and 33 syndromic patients; of the latter, 10 patients were treated endoscopically. These 10 patients were treated at a mean age of 3.8 months. Four of the patients had single-suture synostosis, 5 had 2-suture synostosis, and 1 had involvement of 3 or more sutures. One patient had an intraoperative durotomy, and none of the patients required an intraoperative or postoperative transfusion. Three patients required a reoperation due to "suboptimal aesthetics," and an additional patient required reoperation for a CSF leak.
An additional 18 patients with bilateral coronal craniosynostosis treated endoscopically, 9 of whom were di- agnosed with syndromic craniosynostosis, were recently reported by Rottgers and colleagues. 20 The syndromes that were involved included Saethre-Chotzen (n = 3), Apert (n = 2), Muenke (n = 3), and Pfeiffer (n = 1). Although the authors did not analyze syndromic and nonsyndromic patients separately, the overall mean age at surgery was 2.6 months. Two patients required transfusions, and 1 patient with Apert syndrome had a durotomy resulting in a pseudomeningocele and a CSF leak. Only 1 of the 9 patients (11%) with nonsyndromic craniosynostosis required additional craniofacial surgery (secondary FOA), whereas 5 of the 9 patients (56%) with syndromic craniosynostosis underwent secondary FOA.
An analysis of the CIs and head circumference of the patients over time revealed that the patients who required secondary FOA demonstrated improved head size and shape in the early phase following endoscopic release, but later underwent refusion or fusion of additional sutures, resulting in growth restriction and the need for additional surgery 1-2 years after the index endoscopic procedure. The authors emphasized that although subsequent FOA was often required, early endoscopic surgery at least offered the possibility of effective treatment via a single procedure, as opposed to early posterior cranial vault distraction followed by FOA. Additionally, among patients with syndromic craniosynostosis, younger age (i.e., less than 6 months) at the time of cranial vault remodeling is associated with a significantly higher risk of needing a subsequent major reoperation (odds ratio 4.10, 95% confidence interval 1.31-12.87, p = 0.016). 22 At the least, one role of endoscopic surgery in this population could be to delay the initial open reconstruction to reduce the subsequent revision rate. Another possible advantage of early release of the suture is an increased likelihood of correcting surrounding abnormalities involving the skull base and supraorbital ridge.
Despite the high number of syndromic patients reported by Han et al. 8 and Rottgers et al. 20 who required additional, open cranial remodeling (3 of 10 patients and 5 of 9 patients, respectively), the underlying factors that contribute to the sufficiency of endoscopic surgery alone re- main unclear. In the current series, only 1 of the 6 patients underwent additional open cranial vault remodeling. This patient was diagnosed with Saethre-Chotzen syndrome, as were 3 of the 9 patients reported by Rottgers et al. One possibility is that the genetic and phenotypic features of individual craniosynostosis syndromes may impact the need for additional surgery. However, the diagnoses of the patients who underwent secondary FOA in that particular series are unknown.
In addition to the patient in the current series who underwent additional cranial vault remodeling, the patients with Crouzon syndrome and Jackson-Weiss syndrome were classified as Whitaker Category IV based on their last set of clinical photographs, indicating that open calvarial remodeling is advisable. In these cases, calvarial remodeling and monobloc frontofacial advancement will be necessary to correct exorbitism, midface hypoplasia, and supraorbital ridge retraction. Of note, endoscopic surgery appears to have been sufficient for the youngest patients in this series, with ages ranging from 0.9 to 1.6 months when surgery was performed. In contrast, those who required additional cranial vault remodeling tended to be older, with ages ranging from 2.6 to 4.1 months at surgery.
Ultimately, 3 of the 6 patients in our series were classified as Whitaker Category I at the last follow-up. These outcomes are similar to our previously published experience with calvarial vault remodeling for syndromic craniosynostosis. In a series of patients followed over a 13-year period, 47.7% of 71 procedures in 58 patients were considered Whitaker Category I, 14.4% were Category II, 4.6% were Category III, and 32.3% were Category IV. 22 Although the numbers in the current endoscopic series are much smaller, our preliminary results indicate that outcomes are similar after endoscopic surgery and that revision rates with major surgery may be higher after open remodeling in this patient group.
Our study has several limitations. In addition to the inherent limitations of a retrospective study, several decisions regarding the management of the condition in patients with craniosynostosis are subjective in nature. In particular, decisions regarding indications for revision surgery vary from provider to provider and are not necessarily generalizable. Although the Whitaker scale was used to measure postoperative aesthetic outcomes, this too is based on a subjective analysis. However, our patients were followed with objective anthropometric indices, which may provide more uniform bases to guide decisions about revision surgery. An additional limitation of our study is the duration of follow-up. However, although our median follow-up was only 29 months, our mean follow-up was 20 respectively. Furthermore, Rottgers et al. reported that in their series, secondary FOAs were performed an average of 15 months after endoscopic surgery, with the latest revision taking place 22.7 months after the endoscopic procedure. Our duration of follow-up should therefore have been sufficient for identifying most patients in need of a delayed calvarial reconstruction. Last, due to the low incidence of syndromic craniosynostosis, there were a limited number of patients in the current cohort. A larger, prospective study is necessary for a statistical analysis and a more comprehensive evaluation of the factors that predict the sufficiency of endoscopic surgery.
Conclusions
Patients with syndromic craniosynostosis represent a complex subset within the overall craniosynostosis population. In a subset of patients, endoscopic surgery can be sufficient to treat syndromic craniosynostosis without subsequent open calvarial reconstruction, and at the least can delay the need for open surgery. Although historically syndromic craniosynostosis has been associated with a high rate of subsequent need for open calvarial vault remodeling, our findings suggest that younger age at the time of endoscopic surgery may be an important factor in determining the sufficiency of the endoscopic procedure alone.
